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Abstract

Scope: Sphingolipids including ceramides are implicated in the pathogenesis of obesity and
insulin resistance. Correspondingly, inhibition of pro-inflammatory and neurotoxic ceramide
accumulation prevents obesity-mediated insulin resistance and cognitive impairment. Increasing
evidence suggests the farnesoid X receptor (FXR) is involved in ceramide metabolism, as bile
acid-FXR crosstalk controls ceramide levels along the gut-liver axis. We previously reported that
FXR agonist xanthohumol (XN), the principal prenylated flavonoid in hops (Humulus lupulus),
and its hydrogenated derivatives, a.,B-dihydroxanthohumol (DXN) and tetrahydroxanthohumol
(TXN), ameliorated obesity-mediated insulin resistance and cognitive impairment in mice fed a
high-fat diet (HFD).

Methods and results: To better understand how the flavonoids improved both, we analyzed
lipid and bile acid profiles in the liver, measured sphingolipid relative abundance in the
hippocampus, and linked them to metabolic and neurocognitive performance. XN, DXN and TXN
(30mg/kg BW/day) decreased ceramide content in liver and hippocampus; the latter was linked to
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improvements in spatial learning and memory. In addition, XN, DXN and TXN decreased hepatic
cholesterol content by enhancing de novo synthesis of bile acids.

Conclusion: These observations suggest that XN, DXN and TXN may alleviate obesity-induced
metabolic and neurocognitive impairments by targeting the liver-brain axis.
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1. Introduction

Metabolic syndrome (MetS) is a cluster of conditions including impaired insulin sensitivity
and hyperglycemia, abdominal obesity, hypertension, and dyslipidemia with elevated

blood triglycerides (TG), elevated LDL-cholesterol, and with depressed HDL-cholesterol,
abdominal obesity and hypertension [1, 2]. Feeding rodents a high-fat diet (HFD) is a
well-established method to generate a preclinical model of metabolic disorders [3]. Mice
fed a HFD exhibit an increase in body weight, visceral fat, dysregulation in plasma
metabolic parameters (elevated fasting plasma glucose, fasting plasma insulin and HOMA-
IR index) and increased hepatic TG and cholesterol [3-5]. Obesity affects a large number
of biochemical processes and excess adiposity antagonizes insulin action in peripheral
tissues by various mechanisms. First, obesity triggers a chronic inflammatory state, in which
adipose tissue releases increased amounts of non-esterified fatty acids, glycerol, adipocyte-
derived hormones, pro-inflammatory cytokines and other factors that are involved in the
development of insulin resistance and type 2 diabetes [6-8]. Second, in obese individuals,
the increase in intracellular content of fatty acid metabolites, including diglycerides (DG)
and ceramides, activates a serine/threonine kinase cascade leading to phosphorylation of
insulin receptor substrates, which in turn, attenuates the ability of insulin to activate the
PI3K (phosphoinositide-3-kinase) pathway [9, 10]. Consequently, glucose transport and
other downstream of insulin receptor signaling cascades are compromised. Additionally,
obesity and type 2 diabetes are associated with brain mitochondrial dysfunction and brain
insulin resistance as indicated by impairment of insulin-induced long-term depression in the
hippocampal areas [11-15].
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Ceramides may serve as key intermediates linking saturated fat to inhibition of insulin
signaling. Saturated fatty acids induce the formation of ceramides and glucosylceramides
[16, 17], and elevated ceramide levels have been linked to obesity, insulin resistance [18, 19]
and mitochondrial dysfunction [18, 20]. Moreover, ceramides are lipid soluble and readily
cross the blood-brain barrier [21]. Therefore, peripheral insulin resistance and the associated
hepatic and adipocyte production of neurotoxic ceramides in obesity could account for

the co-occurrences of cognitive impairment and neurodegeneration [22, 23]. As a result,
inhibition of ceramide synthesis ameliorates HFD-induced obesity and insulin resistance
[16, 24]. Pharmacological strategies aimed at modulating ceramide levels have beneficial
effects on the complications of metabolic diseases [16, 25].

Intestinal ceramide synthesis is under the control of the farnesoid X receptor (FXR) [20,

25], a nuclear receptor with a central role in glucose, lipid and bile acid homeostasis.
Biological modulators of FXR include bile acids (BAs), a group of hydroxylated steroids
synthesized in the liver from cholesterol, and secreted into the intestine, where they emulsify
dietary lipids [26]. BAs are no longer considered simple surfactants that increase absorption
of hydrophobic nutrients but are known signaling molecules that modulate the activity of
FXR and other nuclear receptors in multiple organs [27-30]. As a result, bile acid receptor
modulators are also attractive alternatives treatments for MetS.

Xanthohumol (XN), the principal prenylated flavonoid found in hops (Humulus lupulus),
exerts anti-obesity effects in HFD-fed animals [31-33]. Our previous studies show that
treating HFD-fed C57BL/6J mice orally with XN (30 or 60 mg/kg/day) attenuates metabolic
aberrations associated of MetS, including elevated plasma levels of low-density lipoprotein-
cholesterol (LDL-c), LDL receptor-degrading enzyme proprotein convertase subtilisin/kexin
type 9 (PCSK?9), interleukin-6 (IL-6), leptin and HOMA-IR compared with vehicle/HFD
controls [33, 34]. Due to an a,B-unsaturated ketone in its chemical structure, XN can
spontaneously form a stable isomer, isoxanthohumol (1X), the biological precursor to the
potent phytoestrogen, 8-prenylnaringenin (8PN) [35, 36]. As a result, the use of XN in
dietary supplements raises concerns because of the potential estrogenic side effects. Because
8PN itself also attenuates body weight gain, and improves metabolic parameters associated
with obesity, the biological effects of XN might, in part, be mediated by the formation

of 8PN [37]. To distinguish between the metabolic and pro-estrogenic properties of XN,

we examined two hydrogenated derivatives of XN, /.e., a,B-dihydroxanthohumol (DXN), a
product of XN reductive metabolism by intestinal bacteria [38], and tetrahydroxanthohumol
(TXN), a synthetic derivative of XN. DXN and TXN cannot be converted into 8PN and

have no intrinsic estrogenic activity but retain the metabolic properties of XN [34]. We
induced metabolic disorders by feeding young adult C57BL/6J mice a HFD supplemented
with XN, DXN or TXN, and evaluated the pharmacological and cognitive properties of
these flavonoids and reported them as attractive treatment options to mitigate MetS and
cognitive impairments associated with obesity [34]. In the current study, we performed a
global lipidomic and bile acid analysis of liver from the same mice treated with XN, DXN or
TXN to determine their effect on hepatic lipid and bile acid composition. In order to identify
the mechanisms associated with the improved hippocampus-dependent learning and memory
observed in our previous study [34], we also analyzed hippocampal sphingolipid content in
these mice.
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2. Experimental Section

2.1. Animal study design

All animal experiments were performed in accordance with institutional and National Health
and Medical Research Council guidelines. The experimental protocol (protocol # 4501) was
approved by the Institutional Animal Care and Use Committee at Oregon State University
and the studies were carried out in accordance with the approved protocol. The animal

study design was described previously and experimental parameters such as food intake,
body weight and cognitive function were reported in the study by Miranda et al. [34].
Nine-week old male C57BL/6J mice were obtained from The Jackson Laboratory (Bar
Harbor, ME, USA) and housed individually under a 12-12-hr light-dark cycle. They were
assigned randomly to four groups of 12 mice each: one group (control) was fed a HFD
(Dyets Inc., Bethlehem, PA, USA), and the other three groups were fed the HFD containing
XN, DXN, or TXN (purity >99%) from Hopsteiner Inc. (New York, NY, USA). The mouse
diets were formulated to deliver a dose of 30 mg test compound per kg body weight per

day, the test compounds were first dissolved in OPT (oleic acid:propylene glycol:Tween 80,
0.9:1:1 by weight) before mixing with the diet at a concentration of 0.033%. Calorie intake
from HFD was 60% kcal from fat, 20% kcal from carbohydrate, and 20% kcal from protein.
Long-term spatial memory retention was tested in a 60-second probe trial and time spent in
target quadrant compared to non-target quadrants was analyzed as described [34]. At the end
of 13 weeks of feeding, the mice were euthanized, and hippocampus as well as liver were
dissected for analyses.

2.2. Brain and liver lipidomics

Liver and brain lipids were extracted using one phase solvent system (500 uL, 25:10:65
viviv system of methylene chloride: isopropanol: methanol, with 50 pg/mL butylated
hydroxytoluene [BHT]) with some modification [39]. Liver samples (approximately 50 mg,
n = 9-12 per group) were homogenized with 0.5 mm zirconium oxide beads (Next Advance
Inc., Troy, NYY, USA) using a counter-top bullet blender for 3 min, incubated at —20°C for
one hour, and the homogenates were centrifuged at 4°C at 15,000 x g for 10 min. The same
extract preparation method was used for hippocampal tissues from approximately 10 mg of
material (n = 9-12 per group). From each extract, a 40 pL aliquot from the supernatant was
transferred to an autosampler vial, and, 155 L of extraction solvent and 5 pL of Splash®
Lipidomix® Mass Spec Standard (Avanti Polar Lipids, Alabaster, AL, USA) were added.
Samples were stored at —80°C until further analysis. LC and MS conditions were developed
by our group and described previously [40].

2.3. Liver bile acids analysis

Approximately 50 mg of liver samples (n = 9-12 per group) were extracted with 6 uL/mg
of cold ethanol:methanol (1:1, v/v) and 0.4 pmol of deuterated chenodeoxycholic acid
(CDCA-d4) per mg of tissue. Samples were homogenized with 0.5 mm zirconium oxide
beads at 6.5k rpm, 2 x 45 seconds and then centrifuged for 10 minutes at 10k rpm at 4°C.
The supernatant was transferred to a clean 1.5 mL microcentrifuge tube using a gel-loading
tip and filtered into a mass spectrometry vial using a PTFE syringe filter. A quality control
(QC) sample was prepared by pooling 5uL of each fecal sample to monitor suitability,
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repeatability and stability of the LC-MS system. Samples were stored at —80°C before
analysis. LC and MS conditions were as described previously [41]. Peak alignment, feature
extraction and normalization were performed using Progenesis QI (Waters, Milford, MA,
USA). Bile acids were identified by matching their retention time, isotopic pattern, accurate
mass of the [M-H]" ion and fragmentation pattern with those of authentic commercial
standards obtained from Sigma-Aldrich (St Louis, MO, USA). The area of the base peak
extracted ion chromatogram was selected for relative quantitation.

2.4. Cell cultures

Human HepG2 liver cancer cells (Signosis, Santa Clara, CA, USA) were cultured in 100
mm x 15 mm petri dishes using DMEM (Corning, Corning, NY, USA) supplemented with
10% fetal bovine serum. Prior to treatment, HepG2 cells were plated in 6-well plates at a
density of 5.10% cells per well. After 24h of incubation at 37°C in a 5% CO, atmosphere,
fresh medium containing 10 uM of CDCA (Sigma-Aldrich, St Louis, MO, USA), XN, DXN,
TXN or vehicle (DMSO) was added to the cells. After 48h of incubation, RNA was isolated
(Qiagen, Hilden, Germany) and stored at —80°C until further processed.

2.5. Gene expression analysis

For real-time quantitative polymerase chain reaction (JPCR), RNA samples from mice

liver samples (n = 4-5 per group) and HepG2 cell cultures (n = 3 per group) were reverse-
transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Waltham, MA, USA). Universal SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA)
was used following the manufacturer’s protocol and amplifications were performed using
the ABI Prism 7300 Real-Time PCR System (Applied Biosystems, Waltham, MA, USA).
Each sample was tested in triplicate. Gene expression was normalized to levels of
Polymerase-11. Relative gene expression was calculated using the ddCt method. All primers
are listed in Table S1.

2.6. Statistical analysis

Boxplots and bar plots are represented as mean + SEM. Heatmaps were made using
MetaboAnalyst v.4.0.; for a given feature, each cell represents the average of individual
values from the same group. Statistical analyses were performed with the GraphPad Prism
Software v.8.0 using one-way ANOVA with diet as fixed effect. The a priori comparisons
were all three flavonoid groups combined vs. control and each flavonoid group vs. control.
Due to the not normal distribution of the bile acids, the non-parametric Wilcoxon rank-
sum test was used for the bile acid data. The significances were marked in tables and
graphs with an asterisk: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. To

evaluate the association between metabolic and neurocognitive performance with liver
and hippocampal lipid profile, respectively, parametric Pearson correlation coefficients and
nonparametric Spearman’s rank-order correlation coefficients were calculated. The same
correlation coefficient was used to determine whether hippocampal sphingolipid profile
changes followed liver lipid profile changes.
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3. Results

3.1. XN, DXN and TXN displayed anti-hyperlipidemic properties in HFD-fed mice

We performed global lipidomic profiling of liver tissues from control mice fed a HFD and
treated mice fed a HFD containing XN, DXN or TXN. Within the features detected by
UPLC-ESI-QTOF-MS operated in the negative and positive ionization modes, a total of 148
lipid species covering 4 lipid classes and 15 lipid sub-classes were annotated and quantified
by normalization of their chromatographic peak areas over the structurally closest internal
standards. Partial least-squares discriminant analysis (PLS-DA) modeling of the hepatic
lipid profile revealed distinct separation between control and treatment groups (Fig.1A).
Hierarchical clustering showed 9 out of the 15 measured lipid sub-classes clustered in

their response to the flavonoids and were gradually lower from XN to DXN and, to

TXN, compared with the control group. This cluster included lysophosphatidylethanolamine
(LPE), lysophosphatidylcholine (LPC), lysophosphatidylinositol (LPI), cholesterol (Chol),
cholesterol esters (CE), ceramides (Cer), sphinganines (Spha), sphingosines (Spho) and
triglycerides (TG) (Fig.1B). Of the remaining 6 lipid sub-classes, diglycerides (DG) and
phosphatidylserine (PS) clustered with higher values in the treatment groups than the control

group.

In our analysis, glycerophospholipids were the most abundant class of lipids in

the liver. While flavonoid treatments did not affect the relative abundance of
phosphatidylethanolamine (PE), phosphatidylcholine (PC) and phosphatidylinasitol (PI)
(Fig.S1A-C), their lyso-derivatives, /.e., LPE, LPC and LPI were significantly decreased
in at least two of the flavonoid groups. LPE (p = 0.0004) was decreased by 32% and 40%,
while LPC (p = 0.0003) was decreased by 25% and 33% in DXN and TXN-treated mice
respectively (Fig.1C-D). LPI (p < 0.0001) was decreased by 35%, 52% and 50% in XN,
DXN and TXN-treated mice respectively (Fig.1E). As a result, the ratio of lyso-derivatives
to PE, PC and PI was reduced in the liver of flavonoid-treated mice (o < 0.0001). In contrast
to lipids from the same class, phosphatidylserine (PS) was increased by at least 55% in the
treatment groups (o = 0.0003; Fig.S1D).

Sterols, the second most abundant class of lipids identified in the liver were decreased by
15%, 23% and 40% with XN, DXN and TXN treatment, respectively (p= 0.01; Fig.S1E).
Within that class, XN, DXN and TXN lowered relative abundance of both CE (p=0.02)
and cholesterol (p < 0.0001) in the liver of treated HFD-fed mice (Fig.1F-G). In the
glycerolipids class, TG was significantly decreased in DXN- and TXN-treated mice by

18% and 27%, respectively (p= 0.007; Fig.1H), whereas relative abundance of DG was
increased (p = 0.02). As a result, the TG/DG ratio was significantly lower in the XN-, DXN-
and TXN-treated mice than control mice (o= 0.001; Fig.S1F). Sphingolipids including
sphingomyelin (SM) precursors, /.e., ceramides (p < 0.0001), Spha (p = 0.0004) and Spho (p
< 0.0001) were decreased in the liver of flavonoid-treated mice. The relative abundance of
ceramides was lowered by 22%, 38% and 46% in XN, DXN and TXN groups, respectively,
while SM levels were not affected by treatment (p = 0.32; Fig.11-J).
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In summary, XN and its hydrogenated derivatives displayed anti-hyperlipidemic properties
in HFD-fed mice by decreasing hepatic TG content, hepatic cholesterol, and by depleting the
pool of lysophospholipids and SM precursors.

3.2. XN, DXN and TXN decreased hippocampal ceramides in HFD-fed mice

To determine if the anti-hyperlipidemic effects of XN and derivatives in the liver

were associated with lipid changes in the brain, we measured hippocampal sphingolipid
levels in both control and flavonoid-treated mice. A total of 12 sphingolipid species
including ceramides and SM were annotated (Fig.S2A). In our analysis of ceramides

in the hippocampus, normalization using internal standards alone was unable to correct

for the variations resulting from handling very small amounts of extracted material. As
ceramides can be derived from SM catabolism by sphingomyelinases or through degradation
of complex sphingolipids in late endosomes and lysosomes [22, 42-44] (Fig.2A), we
performed an additional intra-sample normalization using SM contents to correct for these
variations. Ultimately, each sample was normalized to the weight of extracted material and
internal standard, and each of the identified ceramide features was further normalized to

the corresponding SM (SM with isomeric side chain) levels (Fig.2B). The total amounts of
ceramides in the hippocampus were significantly decreased by 15% in XN and DXN-treated
mice, and by 21% in TXN-treated mice in comparison to the control HFD-fed mice (p

= 0.002; Fig.2C). The changes in the treatment groups were significant for individual
ceramides C18 (p= 0.04) and C22:1 (p = 0.004) but the decrease in total hippocampal
ceramides was driven primarily by the most abundant (75-80%) ceramide fraction C22:1.

Mice fed a HFD supplemented with XN, DXN, or TXN exhibited spatial memory retention
in the probe trial and spent more time in the target quadrant, which contained the hidden
platform during the training trials, than any other quadrant, while mice fed only a HFD

did not [34]. Therefore, we assessed whether total amounts and individual ceramides in

the hippocampus were associated with cognitive performance, as measured by the percent
time spent in the target quadrant during the water maze probe trial. The total amounts

of ceramides in the hippocampus were significantly negatively correlated with the percent
time spent in the target quadrant in the water maze probe trial (r=-0.402, p=0.006)
(Fig.2D). Additionally, there was a significant negative correlation between hippocampal
C22:1 ceramide and percent time spent in the target quadrant in the water maze probe trial
(r=-0.368, p=10.012) (Fig.S2B), but this was not seen for other ceramide species. We
observed a significant positive correlation between total ceramide levels in the hippocampus
and in the liver (r=10.309, p=0.049) (Fig.2E), which effectively linked the relative
abundance of ceramides in the brain to cognitive performance as well as relative abundance
of ceramides in the liver.

3.3. XN, DXN and TXN induced expression of genes involved in ceramide metabolism in
HFD-fed mice

We measured relative gene expression of genes involved in synthesis and degradation of
ceramides in the liver of HFD-fed mice upon treatment with XN, DXN and TXN. Gene
expression profiles were different in DXN and TXN-treated than XN-treated mice. While
XN increased the expression of 10 out of 13 measured genes, including sphingolipid delta
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desaturase 2 (Degs2), ceramide synthase (Cers2, Cers4, Cers5, Cers6) and sphingomyelinase
(Smpd1, Smpd3, Smpd4) genes involved in ceramide synthesis, as well as sphingomyelin
synthase genes (Sgmsl, Sgms2) involved in ceramide catabolism (Table 1). In the liver,
DXN and TXN both induced the expression of serine palmitoyl transferase gene (Sptlc)
and Smpad4 (Table 1). In summary, expression of genes involved in ceramide metabolism
was differentially induced by XN compared to DXN and TXN.

3.4. XN, DXN and TXN increased hepatic primary BAs in HFD-fed mice

To determine the impact of XN and its derivatives on hepatic bile acid pool size and
composition, liver BAs were extracted and analyzed for total BAs as well as individual

bile acid species. Using standards, 11 individual unconjugated and taurine conjugated BAS
were identified by UPLC-MS (Fig.3A). Mice treated with XN and its derivatives displayed
no significant changes in total liver BAs relative abundance compared to the control
(Fig.S3A), however, total BAs were increased when all 3 flavonoid groups were combined
(p=0.04). The changes were driven primarily by an increase in primary unconjugated

BAs, as XN, DXN and TXN treatments were respectively associated with 73%, 78% and
169% increase in relative abundance of primary unconjugated BAs in the liver (Fig.3B).
Significant or near significant increases (p < 0.10) were observed for the 3 identified primary
unconjugated BAs, 7.e., cholic acid (CA; p=0.10), a-muricholic acid (a- MCA; p=0.001)
and p-muricholic acid (B-MCA; p=0.01) (Fig.3C-E). Similarly, all 3 identified primary
taurine conjugated BAs, /.e., taurocholic acid (TCA; p = 0.04), taurochenodeoxycholic acid
(TCDCA; p=0.06), and tauro-a-muricholic acid (T-a-MCA,; p = 0.03) were significantly or
near significantly increased (Fig.S3B-D). In contrast, the secondary bile acid w-MCA was
decreased by 59% and 53% in DXN and TXN treatment groups (p = 0.02; Fig.S3E), while
taurine conjugated secondary BAs T-w-MCA (p = 0.68) and taurodeoxycholic acid (TDCA;
p=0.44) were not altered. Relative abundance of primary unconjugated BAs negatively
correlated with CE in the liver (r = 0.382, p = 0.011) (Fig.3F), linking the increased primary
BAs to decreased sterol contents in the liver.

3.5. XN, DXN and TXN induced FXR target genes stronger than CDCA in vitro

To investigate the effect of XN and its derivatives on FXR target genes, we exposed human
liver cancer cells (HepG2) to 10 uM of XN, DXN, TXN, or the FXR agonist CDCA and
measured relative gene expression of 4 FXR-regulated genes. All 4 treatments significantly
induced expression of the small heterodimer partner (Shp) gene, whereas Cyp7al and bile
salt export pump (Bsep) expression were increased only by the 3 flavonoids and the sterol
regulatory element-binding protein 1c (Srebpic) were increased only by TXN (Table 2). In
summary, at 10 uM concentration, XN, DXN and TXN induced expression of FXR target
genes in HepG2 cell lines; their effect stronger than for the known FXR agonist CDCA.

4. Discussion

Obesity and MetS are often associated with altered lipid homeostasis in the liver resulting
in non-alcoholic fatty liver [45, 46], which is characterized by an accumulation of hepatic
TG. Previous results have shown that hepatic TG concentrations are significantly reduced
in XN-treated mice [33, 47]. Furthermore, we have reported a decrease in markers of
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hepatotoxicity, reduced weight gain and improved glucose tolerance in mice treated with
XN, DXN or TXN compared to the HFD control group [34]. In the current study,

despite the decreasing trend in TG relative abundance in XN-treated mice, the difference
compared to the control mice did not reach statistical significance. However, DXN and TXN
significantly decreased hepatic TG in HFD-fed mice, which could be a result of the greater
steady-state liver and plasma concentrations of DXN and TXN compared to XN [34]. The
product/precursor ratio of TG over DG, revealed a significant decrease in the TG/DG ratio,
suggesting a mitigation of the enzyme diacylglycerol acyl transferase (DGAT) activity by
XN, DXN and TXN. This observation is in agreement with previous findings showing an
inhibitory effect of XN on DGAT activity in rat microsomes [48] and with reports that
DGAT knockdown ameliorates non-alcoholic fatty liver in obese mice [49, 50].

Circulating levels of lysophospholipids LPC, LPE, and LPI have been reported to decrease
following a hypocaloric diet and weight loss [51] but there is limited understanding

about the role of these lipid species in metabolic overload diseases and existing data are
contradictive. For instance, a marked increase in plasma levels of LPC has been described
in obesity [52, 53], while contradicting results have shown that HFD is associated with a
decrease in hepatic LPC [54, 55]. In our study, improvement of MetS biomarkers was linked
to a decrease in hepatic LPC, LPE and LPI. Interestingly, relative abundance of hepatic PS
went against the general trend, as PS, a critical membrane phospholipid, was significantly
increased in the treatment groups. In fact, reduced PS transfer to the mitochondria leads to
endoplasmic reticulum stress, inflammation, TG accumulation in mice [56] and dietary PS
improves cognitive function in animals and humans [57].

There is a consensus that ceramides serve as a putative intermediate linking excess in
nutrients (/.e., saturated fatty acids) to production of inflammatory cytokines (e.g., TNF-

a), and antagonism of insulin signaling [17, 18]. Cytotoxic ceramides originating from

the periphery may mediate neurodegeneration and cognitive impairment [23, 58]. In fact,
obesity-induced hippocampal insulin resistance is mediated through different metabolic
changes, including increased ceramide levels leading to impaired brain insulin PI3K-Akt
signaling [59] and neurodegeneration [22, 60-62]. Our study reveals a decrease in ceramides
in the liver and hippocampus of XN-, DXN- and TXN-treated mice. In XN-treated mice,

the decrease in hepatic ceramides was associated with an increase in mMRNASs encoding
enzymes involved in synthesis and degradation of ceramides, suggesting an accelerated
turnover of ceramides in the liver. On the other hand, DXN and TXN increased gene
expression of sphingomyelinases responsible for the synthesis of ceramides from SM,
suggesting a differential mechanism of regulation of ceramide levels by the flavonoids.

We report a correlation between decreased hepatic ceramides, decreased hippocampal
ceramides and enhanced spatial memory retention. This could explain the improvement in
both hippocampus-dependent learning and memory as well as the improvement in peripheral
metabolic impairments in treated mice [34]. Our results suggest the peripheral actions of
XN, DXN and TXN partially mediate their effects on neurocognitive function, which is

in agreement with multiple reports of a liver-brain axis connecting peripheral and neural
insulin resistance [15, 22].
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The link between insulin resistance, ceramides and BAs is nonlinear and, likely involves
the nuclear receptor, FXR. FXR serves as a primary sensor of nutritional cues, translating
stimuli into transcriptional programs [63] and regulates glucose and lipid metabolism

by repressing the transcriptional activation of enzymes involved in gluconeogenesis, de
novo lipogenesis and bile acid homeostasis [64, 65]. A bile acid—-FXR signaling axis

has been shown to control ceramide synthesis in the intestine, as inhibition of intestinal
FXR results in the repression of pro-ceramide genes [25, 66]. Moreover, FXR agonism
stimulates adiponectin secretion [67] and adiponectin receptor expression in hepatocytes
[68]. The existence of an adiponectin—ceramidase connection driving the improvement of
metabolic function has been proposed as adiponectin signaling was found to lower ceramide
concentrations [69]. Therefore, it is reasonable to consider the bile acid-FXR-ceramide
signaling axis as a tangible multi-organ pathway, which plays a role in the regulation

of insulin signaling and metabolic disorders. However, whether activation of FXR is
more beneficial than its inhibition for the treatment of metabolic diseases remains under
investigation.

XN, DXN and TXN act as FXR agonists by activating FXR target genes in the liver of
treated mice [41] and in cell culture. SrebpIc gene expression was increased in TXN-treated
cells, which could be explained by post-translational regulation of the protein, as XN was
found to decrease the mature form of hepatic SREBP1 by suppressing its processing [41,
70]. XN and TXN are ligands of FXR [71], yet our results suggest the flavonoids might also
regulate FXR activity by modulating bile acid pool via activation of bile acid synthesis. In
fact, through a mechanism that is still unclear, we and others [32, 41] have reported that
XN, DXN and TXN, unlike FXR agonist CDCA, activate expression of CYP7AL, the rate-
limiting enzyme in the conversion of cholesterol into BAs. The increase in hepatic primary
unconjugated BAs in XN, DXN and TXN-treated mice associated with the reduction in
hepatic cholesterol and the induction of CYP7A1 suggest a stimulation of de novobile acid
synthesis by the flavonoids. We did not observe a concomitant increase in total hepatic BAs,
which can be partially explained by increased biliary excretion of BAs, as we previously
reported that fecal excretion of BAs is increased in DXN- and TXN-treated mice [41].

BAs being signaling molecules with a central role in several physiopathological states,

the modulation of bile acid profiles by the flavonoids is likely at the root of a cascade

of signaling pathways, which would lead to the amelioration of metabolic function and
neurocognitive impairment associated with obesity.

In summary, our results show that hops-derived flavonoids modulate the liver-brain axis,

as improvement of peripheral and central metabolic impairments is linked to a decrease in
ceramides in both the liver and hippocampus of treated mice. Moreover, XN, DXN and
TXN promote de novo synthesis of BAs via CYP7AL induction, revealing the flavonoids as
modulators of bile acid composition. These data suggest that bile acid-mediated regulation
of FXR activity might contribute to the amelioration of metabolic dysfunction through
modulation of the bile acid-FXR-ceramide signaling axis in mice fed a HFD with XN, DXN
or TXN. These findings are important as novel therapies targeting ceramide accumulation in
brain and peripheral organs are promising approaches to alleviate obesity-related metabolic
impairments.
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Abbreviations

BAs bile acids

BSEP bile salt export pump

CA cholic acid

CE cholesterol esters

Cer ceramide

CERK ceramide kinase

CERS ceramide synthase

Chal cholesterol

CYP7A1 cytochrome P450 Family 7 Subfamily A Member 1
DEGS sphingolipid delta desaturase
DG diglycerides

DXN a,B-dihydroxanthohumol
FXR Farnesoid X receptor

HDCA hyodeoxycholic acid

HFD high-fat diet

IS Internal standard

IX isoxanthohumol

KSR 3-keto sphinganine reductase
LPC lysophosphatidylcholine
LPE lysophosphatidylethanolamine
LPI lysophosphatidylinositol
MCA muricholic acid
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MetS metabolic syndrome

PC phosphatidylcholine

PE phosphatidylethanolamine
PI phosphatidylinositol

PI13K phosphoinositide-3-kinase
8PN 8-prenylnaringenin

PS phosphatidylserine

SGMS Sphingomyelin synthase
SHP small heterodimer partner
SM sphingomyelin

SMPD sphingomyelin phosphodiesterase or sphingomyelinase
Spha sphinganine

Spho sphingosine

SPTLC serine palmitoyl transferase
SREBP1c Sterol regulatory element-binding protein 1c
TCA taurocholic acid

TCDCA taurochenodeoxycholic acid
TDCA taurodeoxycholic acid

TG triglycerides

T-MCA tauromuricholic acid
TUDCA tauroursodeoxycholic acid
TXN tetrahydroxanthohumol

XN xanthohumol
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Fig. 1. XN, DXN and TXN modify hepatic lipid profilesin HFD-fed mice.
(A) Partial least-squares discriminant analysis (PLS-DA) modeling of 148 hepatic lipids

in control and treatment groups. (B) Heatmap of different lipid sub-classes according to

hierarchical clustering in control and treatment groups. (C-E) Hepatic lysophospholipids, (F)
cholesterol esters, (G) cholesterol, (H) TG, (I) ceramides and (J) SM relative abundance (n =
9-12 per group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Mol Nutr Food Res. Author manuscript; available in PMC 2021 December 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Paraiso et al. Page 18

A SPTLC KSR CERS
Palmitoyl-CoA 7—» 3-keto-sphinganine —» Sphinganine — Dihydroceramide
: DEGS
Serine Ceramide l
phosphatase Ceramidase . .
Ceramide-1-phosphate <= Ceramide < Sphingosine
CERK CERS
SMPD | | SGMS

Sphingomyelin

c18 cerism” ' ' e Ceramides
0.5
€20 Cer/SM 51
—_ *
0 = e —
il & T
C221 Cer/SM
05 & ﬁ -1 *%
s 9 3
C22 Cer/SM I -1 e E é
© %I
£5 2 .
C241 Cer/SM 2
g 1.
E
C24 Cer/SM
0 T T T T
Control XN DXN TXN Control XN DXN TXN
D — — E - =
r=-0.402, p = 0.006 r=0.309, p = 0.049
60+ 10~
28 o ° @
o = -
gy "o o g N S
c 8 401 1 Rl o °
; E ... ° ' o o 6~ B .’ [ ]
€ c ¥ 00 ° b 0% ®c o0
o+ PN 2 4 N 3ae o
‘aé; E 20" [ J .&‘:' [
og =
c L] L] L] L] 1 c L L] L] 1 | |
0 1 2 3 4 5 0 1 2 3 4 5
Total Hippocampus Ceramides Total Hippocampus Ceramides

Fig. 2. XN, DXN and TXN decrease hippocampal ceramidesin HFD-fed mice.
(A) Ceramide metabolism in mammalian cells: ceramides can be synthesized de novo from

fatty acids or sphingosines through the actions of serine palmitoyl transferase and ceramide
synthases, which starts on the cytoplasmic face of the endoplasmic reticulum. Ceramides
can also be generated from SM catabolism by sphingomyelinases or through degradation
of complex sphingolipids in late endosomes and lysosomes. (B) Heatmap of annotated
ceramide species in the hippocampus of control and treated mice. (C) Total amounts of
ceramides in the hippocampus of control and treated mice (n = 9-12 per group). (D)

Mol Nutr Food Res. Author manuscript; available in PMC 2021 December 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Paraiso et al.

Page 19

Correlation between relative abundance of ceramides in the hippocampus and percent time
in the target quadrant during the probe trial (r=-0.402, p=0.006, n = 45 data points). (E)
Correlation between relative abundance of ceramides in the hippocampus and in the liver (r
=0.309, p=0.049, n= 41 data points). *p < 0.05, **p < 0.01.
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Fig. 3. XN, DXN and TXN modify hepatic bile acid profilesin HFD-fed mice.
Relative abundance of (A) Annotated bile acids, (B) Primary unconjugated bile acids, (C)

a-MCA, (D) B-MCA, and (E) CA measured by UPLC-MS in the liver of control and treated
mice (n = 9-12 per group). (F) Correlation between primary unconjugated bile acids and
cholesterol esters in the liver (r=-0.365, p=0.018, n= 43 data points). *p < 0.05, **p <
0.01, ***p < 0.001.
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Dietary XN and its hydrogenated derivatives DXN and TXN affect in different ways expression of genes

Table 1.

Page 21

involved in ceramide anabolism and catabolism in the liver of HFD-fed mice. Data are shown as Log, Fold

Change Treated/Control + SEM of n = 4-5 per group. HFD-fed mice were used as reference.

XN-treated mice | DXN-treated mice | TXN-treated mice
* *A
Sptlcl 040£022 063 +0.22 078" 4022
Sptlc? 0.04 £0.25 017025 -0.003 £0.25
Degs1 0214022 -0.02+0.22 0.29+0.22
Degs? 064" 027 0.14 £0.27 0.21£0.27
Cers? 060" 4022 0.18 +0.22 -0.10+0.22
Cers4 001"+ 023 0.05+0.23 0.10£0.23
Cerss 165 ***i 0.32 0.44 £0.28 0.48 £0.28
*
Cersé 081 021 0.16 £0.21 0114021
Smpd? | 0 e84 0.30 0.36 £0.30 0.47 £0.30
* — —
Smpds | 1 0™+ 042 0.63 +0.42 0.82+0.38
A AA Ex.3 *
STPA | g 45" 1 007 082 +0.27 0.63 +0.27
* — —
Sgms1 114"+ 040 0.24 +0.38 0.23+0.38
*A — —
Soms? | 087"+ 028 0.25 +0.28 0.07£0.28
*
p<0.05
*k
p<0.01
Ak
p <0.001
p < 0.0001.
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Table 2.

XN, DXN and TXN induce expression of FXR target genes in HepG2 cell lines, their effect is stronger than
FXR agonist CDCA. Data are shown as Log, Fold Change Treated/Control £ SEM of n = 3 per group.

Vehicle-treated cells were used as reference.

cbcA XN DXN TXN
5/7,0 Aok Aok okskok okok
093" %027 | 1217 %027 | 192" %027 | 14747 027
—_ A A A A A
Cypral | =0.262029 | 459"+ 029 | 234 r029 | 1137 +0.29
Boep | 20022025 1 1514025 | 2417 2025 | 060 £025
— —| *
Sretpic | -0504024 | -031£024 | 0394024 [ (o *, o,
*
p<0.05
Ak
p<0.01
HAA
b <0.001
Ak A A
b < 0.0001.
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